
1. Introduction
Considering that natural bone contains inorganic
nanostructured apatite bioceramic phase interdis-
persed within collagen biopolymer, a biomimetic
composite bone scaffold aims to integrate nano-bio-
ceramic reinforcement within biopolymer matrix to
meet mechanical and physiological requirements of
the host tissue [1]. In this regard, biopolymers (nat-
ural and synthetic) have demonstrated great potential
towards simulating the extracellular matrix (ECM)
and interacting with tissues. Natural biopolymers
(collagen [2–4], gelatin [5, 6], chitosan [7, 8], cellu-
lose [9, 10], alginate [11] etc.) have unique properties,

such as low immunogenicity, ability to adsorb bioac-
tive moieties, metabolic accessibility of degradation
products, outstanding biodegradability and cytocom-
patibility. Unfortunately, these natural biopolymers
have shown challenges, such as slow processing,
batch-to-batch dissimilarity in their microstructure,
and chemical heterogeneity, which further hinder their
uses as bone scaffold biomaterial [12, 13]. Synthetic
biopolymers (poly(lactic acid) [14], poly(ε-caprolac-
tone) [15–17], poly(vinyl alcohol) [18, 19], poly(gly-
colic acid) [20, 21], poly(hydroxyalkanoate) [22, 23]
etc.), on the other hand, are non-toxic, biodegrad-
able, and amenable for modification with exceptional
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blend-compatibility. Among them, poly(ε-caprolac-
tone) (PCL), has already been established as a med-
ically proven biopolymer, owing to its low melting
temperature, high permeability in drug release and
exceptional capability to withstand long-term tissue
growth, making it a preferred choice for scaffold ma-
terials [24]. However, PCL lacks the required bioac-
tivity to regenerate and augment the fractured bones.
Osteoconductive bioceramics (hydroxyapatite [25],
beta-tricalcium phosphate [26], etc.) and bioglasses
(silicate-; phosphate-; borate-based) in this regard,
has gained popularity owing to their excellent bio-
compatibility and bioactivity, although, their inher-
ent brittleness and insufficient mechanical perform-
ance (low compressive strength and fracture tough-
ness), limit their use as bone scaffold [1, 13]. To this
end, a possible approach is to develop osteoconduc-
tive glass-ceramics by converting amorphous bio-
glasses into tough and polycrystalline glass-ceramics
through controlled crystallisation process. Modified
fluorcanasite, a chain-silicate glass-ceramic, has
shown high potential owing to its bulk nucleating na-
ture and interpenetrating needle-like microstructure,
resulting into high mechanical performance (flexural
strength and fracture toughness), thereby making it
a suitable candidate as bone scaffold [27–33]. Apart
from materials, the selection of appropriate scaffold
fabrication technique is also critically important.
Thermally-induced phase separation (TIPS), in this
regard, has generated notable attention due to its ef-
ficacy in simulating porous nano-architecture of nat-
ural bone and the ability to integrate bioactive mol-
ecules [34]. Unfortunately, this technique is inade-
quate to reproduce well-defined porous structure
within bone scaffolds [35, 36]. In contrast, fused dep-
osition modelling (FDM), an additive manufacturing
(AM) technique, holds promise to produce scaffolds
with delicate features such as design customisation,
structural reproducibility, quick processing and low
cost [37]. However, FDM technique has some inher-
ent limitations in terms of incorporation of nano-
fillers within the polymer matrix and generation of
ultrafine porosity (<2 µm), restricting its widespread
use in composite scaffold fabrication [38, 39].
Against this background, we report a biomimetic
route of incorporating nano-fluorcanasite (nFC) in
PCL biopolymer matrix towards developing bio-
nanocomposite bone scaffolds. We adopted a unique
hybrid approach by combining FDM, solvent casting
and TIPS to obtain new directives in the fabrication

of porous bone scaffolds with integrated meso, micro
and macro pores.

2. Fabrication of bio-nanocomposite
scaffolds

To fabricate the biomimetic composite scaffold, nano-
fluorcanasite particulates (nFC) were synthesised
following a previously reported method [40]. Further,
FDM based three-dimensional (3D) printer (Ulti-
maker 3, Netherlands) was employed to fabricate
fugitive moulds of poly(vinyl alcohol) (PVA) with
interconnected macro pores. Temperature-controlled
nozzle moving in the x–y plane and z-direction was
used to build layer-by-layer 3D construction of the
desired shape, as shown in Figures 1a and 1b. Final-
ly, a novel hybrid approach involving FDM, solvent
casting and TIPS was used to fabricate a range of
scaffolds. In this technique, as prepared nFC suspen-
sion in chloroform was propelled into neat PCL so-
lution (in chloroform), followed by probe-sonication
(VCX 750, Vibra cell, USA) for 20 min at 60% am-
plitude to facilitate efficient dispersion of nFC (step-1,
Figure 1c). Prepared neat PCL and nFC/PCL suspen-
sion were solvent cast into PVA mould, placed in a
retractable Teflon chamber (step-2, Figure 1c). So-
lidification of neat PCL and bio-nanocomposite sus-
pensions was achieved through the TIPS technique,
by immersing the Teflon chamber into liquid nitro-
gen for 10 min, followed by freeze-drying in
lyophiliser (Grace Instruments, India) at –40°C for
3 days to remove residual solvent and air-bubbles
(step-3, Figure 1c). Furthermore, all specimens were
soaked in deionised water for 3 days to leach out
fugitive PVA mould (step-4, Figure 1c). Finally, de-
veloped scaffolds were sterilised, vacuum dried and
stored in a desiccator.

3. Characterisations
Nano-fluorcanasite particulates, PVA mould, neat
PCL scaffold and bio-nanocomposite scaffolds with
nFC loading of 20, 30 and 50 wt%, respectively, were
investigated using various characterisation tech-
niques. X-ray diffraction (XRD) studies were per-
formed using D500 X-ray diffractometer (Siemens,
Germany), where the samples were held in alumini-
um holder and irradiated with Cu-radiation (λ =
1.5406 Å) between the angle interval of 5° 2θ to
70°2θ with a scan speed of 2°2θ min–1. Field emis-
sion-scanning electron microscopy (FE-SEM, JSM-
7610FPlus, Jeol, Japan) was used to investigate
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microstructural features. For this, initially, all the
samples were vacuum dried and coated with gold-pal-
ladium (Au-Pd) using a sputter coater (Jeol, USA)
to avoid electrostatic charging. Energy dispersive
spectroscopy (EDS by EDAX, Ametek, USA) was
carried out to understand the elemental compositions
of the Au-Pd coated samples. X-ray micro-computed
tomography (Indus-2 synchrotron imaging beamline,
BL-4, RRCAT Indore, India) operated at 2.5 GeV at
300 mA was employed, and the image slices were
subjected to 3D volume rendering using Fiji ImageJ
software to observe the particle distribution and
micro-architecture of developed scaffolds. The me-
chanical performances of all the developed scaffolds
with square mesh were characterised by compression

test on a universal testing machine (DAK systems,
9202, India) using a 10 kN load cell. In-vitro cell cul-
ture experiments were performed to evaluate the vi-
ability of human osteosarcoma (MG-63) cells on de-
veloped scaffolds and control samples. The cells
were grown at 37 °C (5% CO2 and 95% relative hu-
midity) in Dulbecco’s modified eagle medium
(DMEM) and supplemented with 15% fetal bovine
serum (FBS) and 1% antibiotics, following which
they were seeded (104 cells/ml) into 24 well plates,
incubated and permeabilised. The cytoskeleton and
nucleus of MG-63 cells were then stained with Alexa
Fluor™ 488 Phalloidin (green) and DAPI (blue) dyes,
respectively. Finally, the cell-seeded scaffold sam-
ples were observed under a fluorescence microscope
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Figure 1. a) Fabrication process of 3D printed PVA mould; 1: Computer-aided design of PVA mould exhibiting square mesh
geometry through cross-sectional and top view (plan); 2: schematic representation of FDM 3D printing of PVA
mould; b) 3D printing parameters; c) development of porous bio-nanocomposite scaffolds using hybrid approach;
step-1: preparation of nFC/PCL bio-nanocomposite suspension; step-2: solvent casting of nFC/PCL suspension
into PVA mould; step-3: TIPS technique to generate gradient porosity; step-4: aqueous dissolution of fugitive PVA
mould; step-5: vacuum dried scaffolds.



(Nikon Eclipse LV 100 ND) to examine their cell vi-
ability.

4. Results and discussion
4.1. X-ray diffraction
Crystalline phase evolution was identified through
XRD traces of PVA mould, neat PCL scaffold, nFC
glass-ceramic particulates and bio-nanocomposite
scaffolds with nFC loading of 20, 30 and 50 wt%,
respectively, as shown in Figure 2. The XRD spec-
trum of PVA mould recorded a semi-crystalline
hump at 19.8° 2θ, corresponding to the (101) lattice
orientation (JCPDS card no: 00-058-0991(O)) [41].
XRD trace of neat PCL scaffold fabricated through
aqueous dissolution of PVA mould also depicts semi-
crystalline nature, with two sharp diffraction peaks

of ε-caprolactone phase of the orthorhombic crystal
structure at Bragg angles 21.36° 2θ and 23.67° 2θ
corresponding to the (110) and (200) lattice orienta-
tions respectively [42–44]. These sharp diffraction
peaks originate due to intramolecular interactions
between ordered PCL chains through their hydrogen
bonding [45]. Figure 2 also shows the XRD trace of
nFC glass-ceramic, revealing its polycrystalline na-
ture with crystalline phases, including frankamenite
(JCPDS card no: 00-045-1398(I); 01-087-1149(I))
(also referred to as canasite-A) and fluorcanasite
(JCPDS card no: 01-072-8231(*); 00-013-0553(B)) as
primary crystalline phases with overlapping peaks at
28.91° 2θ and 30.65° 2θ, corresponding to (600),
(300) and (022), (1–22) lattice orientations, respec-
tively [46]. Other crystalline phases that could be
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Figure 2. XRD spectra of PVA mould, neat PCL scaffold, nFC particulates and bio-nanocomposite scaffolds showing re-
spective crystalline phases of PVA (v), poly(ε-caprolactone) (ε), fluorcanasite (ϕ), frankamenite (ψ), fluorapatite (δ),
xonotlite (ω).



identified were fluorapatite (JCPDS card no: 00-076-
0558(I); 01-073-9695(I); 00-021-0145(I)) with highest
peaks at 32.05°2θ, 32.21°2θ and 33.27°2θ, corre-
sponding to (211), (112) and (300) lattice orientations
respectively [47–49] and xonotlite (JCPDS card no:
01-074-3008/3009/3010(H)) with their highest crys-
talline peaks at 24.37°2θ, 27.43°2θ and 49.52°2θ,
corresponding to (401–), (2–02) and (41–2) lattice orien-
tations, respectively [48, 50]. Figure 2 also illustrates
that the incorporation of nano-particulates of FC
glass-ceramic, used as reinforcement in bio-
nanocomposite scaffolds, resulted in the emergence
of additional crystalline peaks from nFC and decli-
nation of the characteristic peak intensity of ε-capro-
lactone phase of PCL, which could be attributed to
the fact that increased loading nFC, resulted in de-
creased orientation and in disruption of the ordering
of PCL chains within the crystalline domain.
Additionally, the absence of new peaks, apart from
PCL and nFC glass-ceramics, indicated complete
aqueous dissolution of PVA mould. The overall %
degree of crystallinity of PCL scaffolds and bio-nano -
composite scaffolds was determined using Equa-
tion (1):

Crystallinity, (1)

where, ∑Acryt is the sum of areas of crystalline phases
and ∑Aamp is the sum of areas of amorphous profiles.
Percentage crystallinity of the PCL scaffold was found
to be 44.8%, while overall percentage crystallinities
of bio-nanocomposite scaffolds were found to be en-
hanced by the incorporation of nFC particulates. Per-
centage crystallinity of bio-nano composite with 20,
30 and 50 wt% loading of nFC had a crystallinity of
50.4, 57.2 and 61.3%, respectively. The increase in
overall crystallinity could be attributed to the hetero-
geneous nucleation effect (leading to the formation of
more but smaller PCL crystals) and homogeneous dis-
tribution of nFC within PCL chains in addition to the
coexistence of various crystalline phases within nFC,
resulting in efficient packing of crystal planes within
the bio-nanocomposites scaffolds [51]. The XRD re-
sults, therefore, signify efficient integration and prom-
ising potential of nFC as reinforcement.

4.2. Field emission-scanning electron
microscopy

The microstructural investigation (Figure 3a) of syn-
thesised nFC and scaffolds revealed several interesting

features. Figure 3a1 shows photomicrographs syn-
thesised nFC particulates, while Figure 3a2 shows
FE-SEM micrograph of nFC confirming that the par-
ticulates were brought down to nanoscale. Figure 3a3
depicts the elemental mapping of nFC through ener-
gy dispersive spectroscopy (EDS). As anticipated,
silicon (Si) recorded the highest intensity amongst
the characteristic peaks of the constituent elements
(Si, Ca, P, Na, K). The absence of other elements
confirmed minimal contamination during the synthe-
sis process. Figure 3b shows a photograph of a de-
veloped neat PCL scaffold and nFCx%/PCL scaffolds
showing gradual reduction in transparency with in-
creasing nFC content within PCL matrix. Figure 3c
shows the FE-SEM micrographs of PVA mould
(Figure 3c1), neat PCL (Figure 3c2), nFC20%/PCL
(Figure 3c3), and nFC30%/PCL (Figure 3c4), and
nFC50%/PCL (Figure 3c5) scaffolds. Figure 3c1 shows
the surface topology of the PVA mould. Superimpo-
sition of PVA layers could be observed, indicating
successful generation of micro-channels of defined
dimensions. Figure 3c2–3c5) reveals the layered mi-
crostructure of developed scaffolds, originating from
the negative impression of PVA mould walls, signify-
ing the complete dissolution of fugitive PVA mould
and indicating a favourable porous environment in-
cluding macroporous channels (~1000 µm) and inter-
connected pore network for sufficient transportation
of minerals and nutrients to defective bone sites.
Figure 4 shows FE-SEM micrographs of cross-sec-
tional threads at 1000×, 20 000× and 40 000× mag-
nifications and EDS spectra of developed scaffolds.
Figures 4a1, 4b1, 4c1, 4d1 demonstrate the forma-
tion of internal micropores within the scaffolds.
Figures 4a2, 4b2, 4c2, 4d2 reveal the presence of mi-
cropores (up to 2 µm) with interconnected micro -
structure, which could otherwise be difficult to
achieve through FDM alone. It is important to note
that such a hierarchical porous environment in the
scaffold is highly favourable for the transport of nu-
trients and filtration of wastes which in turn is antici-
pated to bring benefits for cell proliferation and cell
adhesion to promote bone formation [52]. Figures 4a3,
4b3, 4c3, 4d3 revealed the presence of unique zones
with mesoporous (20–50 nm) networks, which are
anticipated to bring benefits in terms of cell seeding
and flirtation of waste nutrients. It could also be ob-
served that higher loading of nFC, resulted in a
more apparent cellular network structure, possibly
owing to the nucleating effect of nFC. The cellular
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environment integrated with meso, micro and macro
pores, therefore, demonstrates the efficiency of
using the hybrid approach to develop biomimetic
bone scaffold.

Figure 5 show elemental mapping, where the scaf-
folds recorded presence of characteristic peaks of all
constituent elements from nFC and PCL. It is evident
from the results that with increased loading of nFC,
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Figure 3. a) Photomicrograph of: a1) nFC particulates; a2) FE-SEM image of nFC showing individualised (red circle) and
few aggregated particles (yellow circle); a3) elemental analysis of nFC particulates through EDS. b) Photographs
of developed scaffolds showing gradual reduction in transparency with increasing nFC content within PCL matrix.
c) FE-SEM micrographs of: c1) external lateral surfaces of PVA mould; c2)–c5) scaffolds showing layered mi-
crostructure originated from negative impression of PVA mould wall.



intensities of characteristic elements of PCL were
marginally reduced, while that of nFC were gradu-
ally increased, shifting towards a higher Ca:P ratio,
a feature desirable for bone repair [53].

4.3. X-ray micro-computed tomography
Reconstructed volumetric 3D micro-architecture of
the nFCx%/PCL (where, x = 0, 20, 30 and 50%)

scaffolds are shown in Figures 6a1, 6b1, 6c1, 6d1). The 
3D rendering of the micro-tomographic images of 
2D slices demonstrated a porous micro-architectural 
environment, which established the efficacy of the 
hybrid approach used in scaffold fabrication to gen-
erate biomimetic bone architecture. It can also be ob-
served that with increased loading of nFC particu-
lates, the bio-nanocomposite bone scaffolds acquired
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Figure 4. FE-SEM micrographs of cross-sectional threads of scaffolds at 1000×, 20 000× and 40 000×: a1)–a3) neat PCL;
b1)–b3) nFC20%/PCL; c1)–c3) nFC30%/PCL; d1)–d3) nFC50%/PCL.



more precisely defined boundaries, resulting in uni-
form pore architecture and in turn, increased struc-
tural integrity of the scaffold. Figures 6a2, 6b2, 6c2,
6d2), on the other hand, show the distribution of nano-
particulates in the 3D micro-architecture of developed
scaffolds. It can be observed that the architecture of
the neat PCL scaffold (Figure 6a2) shows the polymer
struts only during the threshold process, owing to the
absence of nFC particulates. While Figures 6b2, 6c2,
6d2 show the uniform distribution of nano-particu-
lates with minimal agglomeration at square mesh
channels of composite threads with minimal evi-
dence of particle agglomeration at higher loadings.
The biomimetic 3D porous micro-architecture of the
developed scaffolds revealed by x-ray micro-CT is
in good agreement with the FE-SEM results and pro-
vides conducive environment for bone tissue growth.

4.4. Mechanical properties
Mechanical performances of developed scaffolds
were evaluated under monotonic unconstrained

compression load as per ASTM standard (D695-15).
Figure 7a shows that all scaffolds demonstrated sim-
ilar fracture behaviour, namely, an initial elastic re-
sponse followed by a considerable plastic deforma-
tion before fracture, a typical characteristic of highly
porous polymers. All scaffolds could sustain load up
to 40% strain, and with the increase in nFC loading,
both initial modulus and maximum stress values in-
creased, with an accompanying reduction in elonga-
tion values. Ultimate compressive strengths of scaf-
folds were found to be influenced by the incorpora-
tion of nFC with strength values of 6.2±0.3 MPa,
7.1±0.6 MPa (↑14.5%), 7.8±0.3 MPa (↑25.80%) and
8.8±0.4 MPa (↑41.93%) respectively for 0, 20, 30 and
50 wt% nFC loading, indicating the significant rein-
forcing potential of nFC within PCL matrix. Figure 7b
shows the compressive modulus of scaffold speci-
mens calculated through the elastic region of the
stress-strain curves. The modulus values were found
to be 47.9±4.8, 75.7±6.9, 87±4.1 and 90.6±5.8 MPa
for scaffold specimens with 0, 20, 30 and 50 wt%
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Figure 5. EDS spectra through elemental analysis: a) neat PCL; b) nFC20%/PCL; c ) nFC30%/PCL; d) nFC50%/PCL.
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Figure 6. X-ray micro-CT images, showing volumetric 3D micro-architecture of: a1) and a2) neat PCL; b1) and
b2) nFC20%/PCL; c1) and c2) nFC30%/PCL; d1) and d2) nFC50%/PCL scaffold samples show porous micro-environ-
ment and distribution of nFC particulates within the bio-nanocomposite scaffolds.



nFC loading respectively. The results could be attrib-
uted to the reinforcing effect of the nFC, with nFC
particulates acting as potential barriers to crack open-
ing. This is also an indication that nFC particulates
were efficiently dispersed within the PCL matrix. The
higher elongation of neat PCL scaffold also stems
from the unrestricted mobility of polymeric chains,
which was not the case with bio-nanocomposite scaf-
folds. The reinforcing potential of nFC was found to
be higher than the reported values of conventional
nano-hydroxyapatite (nHA) used as fillers within
PCL matrix at similar loading levels [54–58]. The re-
sults are also in line with our XRD results (Figure 2),
where increased loading of nFC resulted in increased
crystallinity of the bio-nano composite scaffolds and
in turn, the enhancement of rigidities of the scaffold
samples. It is interesting to note that with increased
loading of nFC, compressive strength and modulus
values of the scaffolds could encompass the entire
range of load-bearing capacity of cancellous bone
and lower range of cortical bone [54, 59, 60].
Figures 7c1–7c4 show fractured cylindrical scaffold
specimens. While PCL scaffold did not demonstrate

any evidence of failure in crack propagation, the bio-
nanocomposite scaffolds showed evidence of clear
crack propagation. This can be attributed to the fact
that neat PCL scaffold being less rigid, typical crack
growth behaviour of brittle specimens could not be
observed, whereas, with increased incorporation of
nFC, the samples became more rigid and brittle crack
propagations were more evident. It is also important
to note that fractured bio-nanocomposite scaffold
specimens demonstrated multiple cracks, owing to
the collapse of the weakest threads, instead of a sin-
gle large crack, thereby confirming the role of nFC
in restricting crack growth. Overall, the tunable me-
chanical strength with varying loading of nFC is
highly desirable to match the mechanical properties
of the surrounding bone tissues and to avoid the
stress-shielding effect at the implantation site.

4.5. In-vitro biocompatibility 
In-vitro cellular responses of human osteosarcoma
(MG-63) bone cells on the scaffold samples were in-
vestigated through fluorescence microscopy imaging
technique by using Alexa Fluor™ 488 Phalloidin
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Figure 7. Mechanical performance of nFCx%/PCL scaffold specimens (where x = 0, 20, 30 and 50%) under monotonic uncon-
strained compression load showing a) stress-strain curves; b) compressive modulus; c1)–c4) pore collapse behaviour.



F-actin green fluorescence (for cytoskeleton) and
DAPI blue fluorescence (for cell nuclei) following
three days of post-seeding. As shown in Figure 8,
all bio-nanocomposite scaffold samples demon-
strated increased biomimetic and cell adhesion re-
sponses as compared to control and neat scaffold
samples. It was observed that with increased load-
ing of nFC particulates, enhanced cell lamellipodia
and filopodia extensions were evident, indicating

accelerated cell proliferation response and growth.
At the highest nFC loading level (50 wt%), the cul-
tured MG-63 cells were densely populated, exhibit-
ing a higher degree of spreading with multiple nu-
clei surrounded by mature cytoskeleton. The cell
viability results clearly indicated in-vitro biocom-
patibility of the bio-nanocomposite scaffolds, there-
by establishing their potential in bone tissue engi-
neering applications.
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Figure 8. Fluorescence microscopic images of cytoskeleton (dyed with green F-actin), cell nuclei (dyed with blue DAPI),
and merged (cytoskeleton and cell nuclei) of human osteosarcoma (MG-63) bone cells, showing cell adhesion and
growth on control, neat PCL scaffold, and nFCx%/PCL bio-nanocomposite scaffolds with nFC loading (where x =
20, 30, and 50%) respectively.



5. Conclusions
Biomimetic composite scaffolds were developed
with nFC reinforcement integrated within the PCL
matrix for their anticipated use as bone substitute
biomaterials. Crystalline phase evolution of the scaf-
folds with varying loading of nFC revealed the pres-
ence of characteristic crystalline peaks of PCL and
that of nFC with dominant polycrystalline phases,
such as fluorcanasite, frankamenite, and fluorapatite.
The nanocomposite scaffolds exhibited an enhanced
degree of crystallinity, which could be attributed to
the heterogeneous nucleation effect of nFC particu-
lates. Microstructural studies through FE-SEM fur-
ther revealed favourable cellular environment with
gradient porosities containing meso, micro and
macro pores within the developed scaffolds, a pre-
requisite for ideal tissue-engineering scaffolds. This
hierarchical porous architecture was achieved
through a unique hybrid approach, thereby facilitat-
ing cell attachment and cell adhesion to promote
bone formation. The porous micro-structural details
were further supported by X-ray micro-CT investi-
gation. The reconstructed 3D micro-architecture also
revealed uniform distribution of nFC with minimal
particle agglomeration at higher loadings. Ultimate
compressive strength and compressive modulus of
the bio-nanocomposite scaffolds under monotonic
unconstrained loading increased with increased nFC
loading and were found to be in the range of 7.1 to
8.8 MPa and between 75.7 to 90.6 MPa respectively,
which falls within the entire load carrying capacity
of cancellous bone. The in-vitro biocompatibility of
the bio-nanocomposite scaffolds was confirmed by
the cell viability and cellular proliferation response
of human osteosarcoma (MG-63) bone cells. Over-
all, this study establishes a unique hybrid approach
towards developing high-performance bio-nanocom-
posite bone scaffold. 
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